In this study, the potential effects of palm kernel oil (PKO), pineapple peels derived-activated carbon (PPAC) and NPK fertilizer (20:10:10) as amendment agents on the natural bioattenuation of 2,6-dichlorophenol (2,6-DCP) in tropical agricultural soil were investigated. The effect of PPAC dosage on 2,6-DCP biodegradation was also studied. Column reactors containing soil were spiked with 2,6-dichlorophenol (2,6-DCP) wastewater (300 mg/l) and amended with PKO, NPK fertilizer and PPAC alone or in combinations. The rates of 2,6-DCP biodegradation were studied for a remediation period of 42 days under laboratory conditions. The results showed that there was a positive relationship between the rate of 2,6-DCP biodegradation, bacterial growth rate and presence of NPK fertilizer and PPAC (alone or in combination) in soil column microcosms contaminated with 2,6-DCP. The 2,6-DCP biodegradation data fitted well to the first-order kinetic model. The model revealed that 2,6-DCP contaminated-soil microcosms amended with NPK fertilizer and PPAC (alone or in combination) had higher biodegradation rate constants (k) as well as lower half-life times (t 1/2 ) than soil column microcosms amended with PKO and unamended soil (natural attenuation) remediation system. Thus, the use of combined NPK fertilizer and activated carbon (NPK + PPAC) to enhance 2,6-DCP degradation in the soil could be one of the severally sought bioremediation strategies of remediating natural ecosystem (environment) contaminated with organic chemicals.
Introduction
The contamination of land and aquatic environment by hydrocarbons has become a serious problem in major parts of the world and Nigeria in particular. This represents a global concern for the potential consequences on ecosystem and human health [1] . Phenolic compounds including chlorophenols are frequently encountered components of industrial wastewaters and a major concern for environmental engineers. They comprise 10 out of 114 EPA-designated organic priority pollutants [2, 3] . Chlorophenols constitute an important class of pollutants because of their wide use in the production of wood preservers, pesticides and biocides [4] [5] [6] . These compounds are present in the wastewater generated from industrial activities such as petrochemical, pharmaceutical, wood preserving, plastic, rubber proofing, pesticide, iron steel, textile, and paper and cellulose bleaching industries [7, 8] . Chlorophenols as environmental pollutants are highly toxic and carcinogenic with strong odour emission, not readily biodegradable and persistent in the environment and thus poses a serious ecological problem and public health risk causing problems with the human respiratory and nervous system [9] [10] [11] [12] . For this reason an increasing attention has been directed toward the research of new strategies and environmental-friendly technologies to be applied for the remediation of ecosystems contaminated by hydrocarbons. Among these, biotechnological strategies based on the autochthonous microbial communities to biodegrade organic pollutants are of particular relevance.
Biological treatment has proved to be the most promising and economical method for the removal of phenolic compounds from the environment. It is believed to lead to complete mineralization of organic compound [13] and can handle a wide range of concentrations [14] . Microbial degradation of hydrocarbons is a predominant mechanism for natural attenuation at hydrocarbon-contaminated sites, but contaminant loss may also be attributed to abiotic processes such as sorption, volatilization, dilution, and dispersion [15] . Bioremediation techniques often include the addition of supplements or amendments to enhance bioavailability and biodegradation of petroleum hydrocarbons in natural soils/sediments by indigenous or inoculated microorganisms. The supplements can be divided into three general categories according to their impact on the microbial processes: surfactants that enhance the availability of the pollutants [16] , specific cosubstrates that can play the role of alternate carbon source that promote the growth of a particular group of degraders [17] [18] [19] [20] or act as mass transfer agent between the liquid phase of the soil and the solid matrix [21, 22] and organic and inorganic nutrients that increase the size and activity of the soil microbial community [23] .
Vegetable oils are renewable and low cost co-substrates, used to enhance process efficiency without increasing significantly bioremediation costs. Vegetable oils such as peanut, sunflower and rapeseed oils have been found to be efficient in enhancing polycyclic aromatic hydrocarbons (PAHs) removal from contaminated soils [24] [25] [26] . The use of vegetable oils as co-substrates in the remediation of soil contaminated with monoaromatic hydrocarbons such as phenol and its substituted compounds have not been investigated. In many natural ecosystems a combination of biological and adsorption processes is a common phenomenon. Thus, combined methods of adsorption and biodegradation are nowadays gaining importance. The recent literature on methods of hydrocarbons removal from contaminated soil focuses on adsorption and microbial degradation process [27, 28] . Recently, a growing interest in the sorption of organic contaminants to carbonaceous materials has drawn attention to treat contaminated soil/sediment, with the purpose of finding cheaper and functionally acceptable materials for the removal of contaminants. Previous studies have demonstrated that carbonaceous materials, such as peat [29] , soybean stalk [30] , coke [31] , and activated carbon [32] [33] [34] can effectively reduce organic contaminants in soil/ sediment.
Activated carbon is most widely used as adsorbent in the removal of heavy metals and hazardous organic chemicals [35] because of its hydrophobicity, high specific surface (8,001,200 m 2 /g), and microporous structure. In recent years, extensive researches are focused on the development of alternative and economic activated carbon from agricultural by-products [35] [36] [37] [38] [39] that are ubiquitous green waste in the environment and which may cause some serious environmental pollution when filling at a fixed site. However, the use of activated carbon derived from agricultural waste materials as adsorbents for the enhancement of hydrocarbon biodegradation rate in soil is very limited [28] .
Therefore, the objective of this study were to use laboratory soil column reactor to investigate the catabolic potential of natural soil microbial communities to biodegrade target hydrocarbon pollutants (2,6-dichlorophenol) and also to evaluate the efficacy of adsorption and biostimulation during hydrocarbon degradation by natural microbial communities augmented with pineapple peels derived-activated carbon, palm kernel oil and NPK fertilizer additions.
Materials and Methods

Collection of Samples
The soil sample used for the study was collected from the top surface soil (0 -15 cm) of Ladoke Akintola university of Technology (LAUTECH) agricultural farm land, Ogbomoso, Nigeria. The soil samples were air dried, homogenized, passed through a 2-mm (pore size) sieve and stored in a polythene bag and kept in the laboratory prior to use. The chemicals 2,6-dichlorophenol (2,6-DCP) and n-hexane (analytical grade) being products of SigmaAldrich Chemical Co., were bought from a chemical store at Ibadan while NPK fertilizer used as nutrient supplement was purchased from an agrochemical store in Ogbomoso, Nigeria. Pineapple peels, a waste product of pineapple pulp used for the production of activated carbon were obtained from pineapple fruits bought from a local market at Ogbomoso, Nigeria.
Characterization of Soil Sample
The soil sample was characterized for total carbon (TOC), total nitrogen (N), total phosphorus, moisture content, and pH according to standard methods. The pH was determined according to the modified method of McLean [40] ; total organic carbon was determined by the modified wet combustion method [41] and total nitrogen was determined by the semi-micro-Kjeldhal method [42] . Available phosphorus was determined by Brays No.1 method [43] and moisture content was determined by the dry weight method. The total hydrocarbon degrading bacteria (THDB) populations was determined by the vapor phase transfer method [44] . The physicochemical characterized parameters are presented in Table 1 .
Preparation of Activated Carbon
The pineapple peels as the precursor material for activated carbon preparation was well washed with water several times, sun-dried for two weeks and oven dried at 110˚C for 3 h. The dried sample was milled into small particle sizes. A known amount (1 kg) of the dried pineapple peels was pyrolyzed in a furnace (Vecstra, Model 184 A, Italy) at a temperature of 300˚C for 2 h. The resulting biochar was collected and cooled at room temperature. The biochar material was then subjected to chemical activation (using phosphoric acid (H 3 PO 4 )) by weighing samples of the carbonized material into beakers and then soaked in excess phosphoric acid (H 3 PO 4 ) agitated for 3 h. After the agitation, the mixtures were then charged inside an oven at a temperature of 200˚C for 24 h to ensure proper adsorbate drying. The biochar samples were then removed from the oven and allowed to cool for 2 h after which they were washed with distilled water until leachable impurities due to free acid and adherent powder were removed. The samples were further soaked in 2% (w/v) sodium bicarbonate (NaHCO 3 ) to remove any residual acid left. The resulting mixture were further washed with distilled water to bring the pH to 7.0 and finally drained and dried overnight in an oven at 110˚C to get the final activated carbon product.
Preparation of Simulated Dichlorophenol Wastewater
A known amount (2 g) of 2,6-DCP was weighed and added to 1 L of de-ionized water in a glass bottle which was properly shaken for thorough dissolution to produce a stock simulated wastewater of 2 g/l 2,6-DCP. This was kept in a refrigerator prior to use.
Slurry-Phase Biodegradation Experimental Design
A constructed column reactor using a 20 mm thick plastic glass (transparent material) with the dimensions 20.32 cm height by 10.16 cm width by 8.5 cm length and a volume capacity of 10 L was used to simulate reaction conditions occurring in the depth from which soil samples were collected. The aerobic biodegradation studies were conducted by spiking 1 kg of LAUTECH agricultural farm soil with 300 mg/l of the simulated dichlorophenol wastewater. Different amount of the pineapple peels-derived activated carbon (PPAC), PKO and NPK fertilizer was respectively added to the contaminated soil and thoroughly mixed together ( Table 2) . A control experiment which did not contain any of the amendments was set up alongside the experimental samples following the same procedure. The contaminated soil was then packed into the column reactor and incubated at ambient conditions for six weeks (42 days). The study was carried out during the rainy season between the month of October and November when the climate is cool and the temperature is usually not very high. The water (moisture) content of soil in each column reactor was adjusted every week by addition of sterile distilled water to a moisture holding capacity of 50%. In order to avoid anaerobic conditions, contents of the column reactors were aerated by mixing every 3 days. Samples were taken every week and analyzed for residual dichlorophenol and total hydrocarbon-degrading bacteria (THDB), respectively. The experiments were carried out in triplicates.
Determination of Residual Dichlorophenol
For the determination of residual chlorophenol compound, soil-slurry samples were extracted with n-hexane, centrifuged for 20 min at 3000 rpm, and filtered through No. 2 Whatman filter paper. The clear supernatant organic phase was analyzed by means of a gas chromatograph, HP 6890 adapted to a mass spectrometer detector, model 5972 (GC-MS) and injector 7973. The GC-MS was equipped with a HP5MS and HP1 column of 30 m length, 0.25 mm internal diameter and 0.25 lm of film thickness. Helium was used as the carrier gas at a flow rate of 2.9 ml·min 
Statistical Analysis
One-way ANOVA (Tukey's test) was used to compare 2,6-DCP biodegradation in soil among different amendment agents and in unamended soil. Statistical analyses were performed using the Statistical Package Social Science (SPSS) software (Version 15.0; SPSS, Inc.).
Biodegradation Kinetics and Estimation of Half-Life Time
Kinetic analysis is a key factor for understanding biodegradation process, bioremediation speed measurement and development of efficient clean up for an organic chemical contaminated environment. Biodegradability of hydrocarbon can be explained by first order kinetics [45, 46] and this is given as in Equation (2):
where o is the initial 2, 6-DCP content in soil (mg/kg), t is the residual 2,6-DCP content in soil at time t, (mg/kg), k is the biodegradation rate constant (day
) and t is time (day).
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The biodegradation half-life is the time taken for a substance to lose half of its amount. Biodegradation half life times ( ) are calculated using Equation (3) [46] :
where k is the biodegradation rate constant (day
). The half life model is based on the assumption that the biodegradation rate of hydrocarbons positively correlated with the hydrocarbon pool size in soil [47] .
Results and Discussion
Effect of Amendment Agents on Natural Attenuation
A general increase in the percentage degradation of 2,6-DCP was observed with time as shown in Figures 1  and 2 , respectively. These results indicate that 2,6-DCP naturally degraded in the unamended slurry soil due to the presence of microorganisms present in the soil. The results in Figure 1 showed that the biodegradation rate of 2,6-DCP was greater in slurry soils amended respectively with PPAC and NPK fertilizer (with higher percentage degradation) than the unamended soil (natural attenuation). This observation could be due to the fact that PPAC acted as an adsorbent in the soil as well as cometabolic carbon substrate while the NPK fertilizer provided inorganic nutrients to the autochthonous microorganisms in the soil. Enhanced bioremediation of soil highly contaminated with herbicide propanil (3',4'-dichloropropionanilide) in the Krasnodar region of Russia, 3,4-dichloroaniline, polychlorinated biphenyls (PCB) and 2,4,6-trinitrotoluene (TNT) in the presence of activated carbon have been reported [48] [49] [50] [51] [52] . Accelerated biodegradation of anthracene in the presence of groundnut shellderived activated carbon has been reported by Owabor and Aluyor [28] while Lou et al. [53] have also observed accelerated biodegradation of pentachlorophenol in soil in the presence of bamboo biochar. However, the percentage degradation of 2,6-DCP in PPAC-amended soil is relatively greater than the NPK fertilizer-amended soil. While the percentage degradation in soil amended with PKO was lower than that of unamended soil (natural attenuation) and this indicates that rate of biodegradation was faster in the latter than the former. Vegetable oils have been proposed as natural, cost-effective and non-toxic solvents. Nevertheless, the lower percentage degradation observed in PKO-amended soil suggests that the PKO was inhibitory to the soil microorganisms' metabolic functions. This inhibitory effect may be due to the high amount of oil used in this work which restrained the biological processes and inhibited the degradation of 2,6-DCP [54] . Pizzul et al. [54] have reported the inhibitory effect of rapeseed oil on indigenous soil microorganism which resulted in lower percentage degradation of phenanthrene and pyrene when compared to the control soil without rapeseed oil. They attributed this observation as due to high amount of rapeseed oil (1% w/w) that was used. However, these same workers have also reported the stimulatory effect of rapeseed oil which led to higher degradation values for anthracene and benzo(a)pyrene as compared to the control soil without rapeseed oil. Pannu et al. [55] reported the effects of small amounts of vegetable oil on the biodegradation of polycyclic aromatic hydrocarbon (PAH). The presence of 0.2% (v/v) of peanut oil had a stimulatory effect on the degradation of polycyclic aromatic hydrocarbon (PAH) in a soil slurry bioreactor system. The beneficial effect was attributed to the solubilization of the PAH in the oil and subsequent transfer to the bacterial cells associated with the oil drops and to the promotion of biosurfactant production.
The influence of two or three level combination of the amendment agents on 2,6-DCP biodegradation in soil is shown in Figure 2 . It could be seen that among the two or three level combination of amendment agents, the slurry soil amended with the combination of NPK fertilizer and pineapple peel-derived activated carbon (NPK + PPAC) displayed the highest percentage degradation of 2,6-DCP as compared to percentage degradation in soil amended with NPK + PKO, PPAC + PKO, and the unamended soil (natural attenuation). The percentage degradations of 2,6-DCP in soils amended with NPK + PKO and PPAC + PKO are respectively lower than that in unamended soil. On the other hand, the percentage degradation of 2,6-DCP in soil amended with NPK + PKO and PPAC + PKO was respectively higher than the percentage degradation in soil amended with PKO only. This improvement may be due to the supply of nutrients by the NPK fertilizer as well as due to the adsorptive
capacity of PPAC and ability to act as co-metabolic carbon substrate to the autochthonous microorganisms in the soil. However, there is no statistical significant difference (p < 0.05) in the percentage degradation of 2,6-DCP in soil amended with NPK + PKO and PPAC + PKO. Figure 3 shows the growth profile of the hydrocarbon degrading bacterial population in the slurry soil. An initial hydrocarbon-degrading bacterial population of about 1.1 × 10 6 , 1.8 × 10 6 , 2.0 × 10 6 , and 1.6 × 10 6 CFU/g was observed respectively before the start of remediation for slurry soil amended with PKO, NPK fertilizer, PPAC, and unamended soil as shown in Figure 3 . As seen from Figure 3 , at the end of incubation (day 42), the THDB count had increased to a maximum bacterial population of 2.8 × 10 6 , 7.9 × 10 6 , 12.5 × 10 6 , and 5.4 × 10 6 CFU/g which corresponded to 60.7%, 77.2%, 84% and 70.4% for slurry soil amended with PKO, NPK, PPAC, and unamended soil, respectively. However, the growth rate of THDB in soil amended with PKO was lower (resulting in lower percentage degradation of 2,6-DCP) as compared to the growth rate of THDB in soil amended with NPK fertilizer, PPAC and unamended soil, respectively. This observation may be due to the inhibitory effect of PKO on the autochthonous microorganisms in the soil.
Effect of Amendment on the Microbial Growth
Similarly, as shown in Figure 4 , the THDB count in- 6 CFU/g (day 42) corresponding to a growth increase of 58.8%, 64.9%, 88.5% and 70.2% for slurry soil amended with NPK + PKO, PPAC + PKO, NPK + PPAC, and NPK + PKO + PPAC, respectively. This observation indicated that the growth rate of the hydrocarbon degrading bacteria was higher in slurry soil amended with NPK + PPAC (resulting in higher percentage degradation of 2,6-DCP) than that amended with NPK + PKO, PPAC + PKO, NPK + PKO + PPAC, and the unamended soil (natural attenuation), respectively. Furthermore, the rate of bacteria growth in soil amended with NPK + PKO and PPAC + PKO are respectively lower than that in the unamended soil but higher than the growth rate in soil singly amended with PKO. The higher growth rate observed in soil amended with NPK + PKO and PPAC + PKO than that in soil amended with only PKO is due to the presence of inorganic nutrient provided by NPK fertilizer and the adsorption mechanism provided by PPAC, respectively. Nevertheless, there is no statistical significant difference (p < 0.05) in the growth rate of bacteria (THDB) in slurry soil amended with NPK + PKO and PPAC + PKO as well as in slurry soil amended with NPK + PKO + PPAC and the unamended soil.
Biodegradation Kinetics and Half-Life
Fitting the biodegradation data obtained for each soil treatment to first-order kinetic model using the non-linear regression routine of MATLAB 7.0 software package made possible further evaluation and comparison of the applicability of the various amendment strategies. The parameter "k" of the model, being the specific degradation rate constants for biodegradation of 2,6-DCP in the soil, was determined for soil treatment amended singly with PKO, NPK fertilizer, and PPAC as well as for those amended with two or three level combinations (NPK + PKO, PPAC + PKO, NPK + PPAC, and NPK + PKO + PPAC), respectively. The results are presented in Table  3 . The results indicate that the "k" value (0.0211 day The biodegradation half-life times was calculated using Equation (2) and the values are presented in Table 3 . Lower the half-life value and faster the rate of degradation. The soil treatment with the lower half-life has the best performance. As seen from Table 3 , half-life of 40.72 days was observed for the biodegradation of 2,6-DCP in unamended contaminated soil (control soil or natural attenuation). This was reduced to lesser number of days in 2,6-DCP-contaminated soil amended with NPK fertilizer and PPAC (either singly or in combination), respectively. Nevertheless, 2,6-DCP contaminated soil amended with PKO had the highest half-life (73.9 days). Therefore, values of the kinetic parameter and half-life showed that the degree of effectiveness of these amendment strategies in the cleanup of soil contaminated with 2,6-DCP is in the following order: PKO < NPK + PKO < PPAC + PKO < NPK + PKO + PPAC < natural attenuation < NPK < PPAC < NPK + PPAC. Figure 5 shows the effect of PPAC dosage on the percentage degradation of 2,6-DCP in soil. It was observed that the percentage degradation of 2,6-DCP in soil increased with the increase in the PPAC dosage. A similar observation has been reported for the use of bamboo biochar on pentachlorophenol leachability and bioavailability in agricultural soil [53] . 
Effect of Activated Carbon Dose
Conclusion
From this present study, it can be concluded that the addition of activated carbon, prepared from pineapple peels waste (PPAC) as well as the addition of NPK fertilizer alone or in combination, significantly (P < 0.05) enhanced the biodegradation of 2,6-DCP and the rate of growth of autochthonous microorganisms in soil columns and thus decrease the time for complete bioremediation. While the addition of co-metabolic carbon substrate in the form of vegetable oil (PKO) slows down the biodegradation rate of 2,6-DCP and the growth rate of autochthonous microorganisms in soil. The soil treatment under NPK + PPAC amendment (combined biostimulation and adsorptive bioremediation) exhibited the highest degree of degradation and the soil treatment under PKO amendment the least degradation. Furthermore, because of the high efficiency, beneficial ecological effects and abundant sources of pineapple peels, it is a potentially attractive material for activated carbon development which can be used for in situ remediation to control organic pollution in soil and to protect surface and ground water from organic pollutants. Thus, the use of combined NPK fertilizer and activated carbon (biostimulation and adsorption-biodegradation) to enhance 2,6-DCP degradation in the soil could be one of the severally sought bioremediation strategies of remediating natural ecosystem (environment) contaminated with organic chemicals.
